A Combined Flume-imaging Technique for Measuring Fluvial Erosion of Cohesive Stream Bank Soils  by Sutarto, Tommy E.
 Procedia Engineering  125 ( 2015 )  368 – 375 
1877-7058 © 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of organizing committee of The 5th International Conference of Euro Asia Civil Engineering Forum (EACEF-5)
doi: 10.1016/j.proeng.2015.11.087 
ScienceDirect
Available online at www.sciencedirect.com
The 5th International Conference of Euro Asia Civil Engineering Forum (EACEF-5) 
A combined flume-imaging technique for measuring fluvial erosion 
of cohesive stream bank soils 
Tommy E. Sutartoa,* 
aDepartment of Civil Engineering, Samarinda State Polytechnic, Jl. Ciptomangun Kusumo, Kampus Gunung Lipan, Samarinda 75131, Indonesia  
Abstract 
Less attention has been given to fluvial erosion even though, in many instances, it has been shown to affect stream bank stability 
by being a precursor to mass failure. As a result, the technique for measuring fluvial erosion parameters, most importantly the 
critical erosional strength, τc, is under-developed. The main objective of this study was to develop a laboratory technique using a 
state-of-the-art closed-conduit flume and imaging instrument for determining the τc, of cohesive bank soils. A total of 24 (twenty 
four) bank soil samples were extracted from the crest, midbank, and toe of a stream bank and tested for their ܿᇱand τc. using a 
standardized direct shear device and the combined flume-imaging technique, respectively. It was found that the methods can 
accurately determine ܿᇱand τc parameters. The ܿᇱ values were 2 to 4 orders of magnitude larger than the ߬௖  values. In addition, ܿᇱ 
and ߬௖  values had increasing trend through the downslope of the stream bank highlights the need of acquiring both mechanical and 
erosional strengths for the three layers along a bank profile (namely crest, midbank, and toe) to improve the commonly adopted 
protocols that typically assume homogeneous bank soils. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of organizing committee of The 5th International Conference of Euro Asia Civil Engineering 
Forum (EACEF-5). 
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1. Introduction 
Bank erosion is a significant contributing source to the total sediment load in streams with detrimental effects on 
water quality and aquatic life [1]. To mitigate bank erosion, different stream bank stabilization practices have been 
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adopted in many riverine systems worldwide. However, an established methodology for implementing and assessing 
bank stabilization practices is still, unfortunately, under-developed [2, 3]. This, in parts, due to the fact that a deep 
understanding of the main modes of bank erosion and the methods for quantifying them are still lacking. 
Bank erosion is an integrated product of two interacting processes, namely mass failure and fluvial erosion. Mass 
failure refers to the collapse of a large portion of soil due to the instability of a stream bank, while fluvial erosion is 
defined as the removal of soil, in the form of individual particles, aggregates, flakes or flocs, from the soil surface due 
to the flow shearing action [3, 4, 5, 6].  
The forces that counter mass failure in a soil block predominantly derived from its soil shear strength integrated 
over the slip plane area, as well as the temporary confining pressure of the stream water that is present during high 
stages. The soil shear strength, ܵ௥ , in Pa, is defined as follows [7]: 
ܵ௥ ൌ ܿᇱ ൅ ߪݐܽ݊׎ᇱ െ ݑݐܽ݊׎௕ (1) 
where ܿᇱ (Pa) is effective cohession which represents soil mechanical strength, ߪ (Pa) is the normal stress produced 
by the weight of the soil block; ׎Ԣ (degrees) refers to the internal friction angle; ݑ (Pa) is the soil pore water pressure; 
and ׎௕ (degrees) is the angle expressing the rate of increase in shear strength relative to the matric suction. When the 
bank is saturated, matric suction diminishes and ݐܽ݊׎ᇱ ൌ ݐܽ݊׎௕. 
On the other hand, the rate of fluvial erosion, ܧ, in kg/m2/s, can be determined by an excess shear stress formula 
similar to the one introduced by [8]: 
ܧ ൌ ܯ ቀఛೢఛ೎ െ ͳቁ
௠
 (2) 
where ܯ (kg/m2/s) is the erodibility coefficient; ߬௪ (Pa) is the near bank or side-wall shear stress exerted by the flow 
on the soil surface; ߬௖ (Pa) is critical erosional strength; and ݉is assumed to be equal to 1 for most cohesive soils that 
are consolidated and “aged” for more than 24 days, such as those found in most banks.  
Contrary to ܿԢ which is a macroscale quantity, the erosional strength,߬௖, in Eq. 2, represents micro scale forces of 
soil that counter fluvial erosion. This resistance strength is the product of inter-particle forces of attraction or repulsion, 
including electrostatic, van der Waals, hydration, and biological forces [3, 5]. 
In most cases, bank stability analysis assume homogeneous bank soil and based on solely mass failure estimations 
[9]. It is not surprising, therefore, that less attention has been given to fluvial erosion even though, in many instances, 
fluvial erosion has been shown to affect bank stability by being a precursor to mass failure.  
As a result the procedure for measuring fluvial erosion, more specifically critical erosional strength, ߬௖ , and 
erodibility coefficient,ܯ , were under-developed. In fact, the majority of the protocols for the ߬௖ estimation have only 
been developed for riverine and estuarine bed sediments, which are mostly comprised of soft flocculent deposits 
behaving differently than bank soils [10]. 
2. Objectives 
The main objective of this research was to develop a laboratory technique using a state-of-the-art closed-conduit 
flume and imaging instrument for determining the critical erosional strength, τc, of cohesive bank soils by removing 
some of the limitations of existing methods. For this purpose, a new flume design was proposed to facilitate fluvial 
erosion experiments of “undisturbed” bank soils samples under controlled laboratory conditions. In addition, this study 
demonstrated the presence of soil heterogeneity through the downslope of a stream bank and highlight the importance 
of considering bank soil heterogeneity in bank stability analysis.  
3. Procedure and Methodology 
3.1. Soil sample extraction  
Bank soil samples were collected from Clear Creek, Iowa City, USA, which is a 4th order stream. The stream banks 
along Clear Creek are mainly comprised of loess-derived, highly erodible soils. The soil texture varies from sandy 
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loam to clay loam. Soil samples were extracted from a stream bank for quantifying in the laboratory their mechanical 
strength,ࢉԢ, and critical erosional strength, ࣎ࢉ. In addition, index properties, e.g., particle size, Plasticity Index, ࡼࡵ, 
and clay activity, ࡭ࢉ of those soils were also tested in the laboratory to determine their classification.  
For the purpose of mechanical strength parameters (ࢉԢ and ׎ᇱ) measurement using direct shear device, 6 (six) 
”undisturbed” soil samples were extracted respectively from the crest, midbank, and toe of both the left and right banks 
by inserting 40 cm long Shelby tubes (ID = 7.62 cm) perpendicularly into the bank face. The same soil samples were 
also tested for determining their index properties.  
To test the critical erosional strength, ߬௖, of the stream bank soils, an additional 18 soil samples were extracted 
from the same locations of Shelby tube samples at the crests, midbanks, and toes of both the left and right bank faces 
at the study site (three soil samples from each location). Samples were collected (Fig. 1) by initially cutting the grass 
to the soil surface, thereby keeping the roots intact and avoiding any damage to the soil structure. Soil blocks (35 cm 
long x 20 cm wide x 15 cm deep) were then carefully excavated from the bank face with two long soil knives and a 
wire saw (Fig. 1a). To minimize soil water loss or expansion, the soil blocks were carefully wrapped in cheese cloth 
(Fig. 1b), covered in wax (Fig. 1c), placed within plastic boxes, and stored at constant room temperature (20oC) before 
testing. 
 
Fig.1. (a) Soil sample extraction; (b) Soil block wrapped in cheese cloth; (c) Soil block covered in wax. 
3.2. Mechanical strength measurement  
A standardized direct shear device was used to measure the mechanical strength of the samples. This instrument 
was equipped with a 500 ft-lb capacity proving ring to estimate the shear stress applied to the soil samples. Linear 
Variable Differential Transformer (LVDT) transducers were used to measure the deflection of the proving ring, as well as 
the vertical and horizontal deformation of the sample.  
Three sub-samples (diameter = 6.34 cm; height = 2.5 cm) were carefully cut from the Shelby tubes to fit into the 
dimensions of the shear box. Following the ASTM D 3080-98, the sub-samples were consolidated and nearly saturated 
before testing, thereby avoiding the development of soil matric suction. A normal force was loaded on the sub-samples 
and the shear box was filled with water to saturate the samples. During the test, half of the shear box moved 
horizontally at a rate of 0.5 mm/s, simulating the undrained condition. The horizontal and vertical deformations, as 
well as the applied shear stress were recorded simultaneously during each test. Thus, for each sample a specific shear 
stress-normal stress relationship was developed. These shear-normal stress relationships were plotted for each soil 
block and fit with linear regression lines. The slopes of these lines were equivalent to ܜ܉ܖ  ׎Ԣ and the y-intercept was 
considered to be the cohesion, ࢉԢ. 
3.3. Critical erosional strength measurement  
In this study, a recirculating conduit flume (Fig. 2) was used to measure ߬௖. The flume is actually mobile so it can 
be taken to the site, thus minimizing the amount of disturbance that soil samples can receive during transport. 
However, the distance from the sampling location to the laboratory was only 6.4 km, so the flume runs were conducted 
in the laboratory. The use of an intact and undisturbed bank soil sample to evaluate its erosional strength automatically 
a b 
c 
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accounts for many local parameters, including pH, pore fluids, and organic content. Additionally, the sensitive electro-
chemical bonds and soil structure remain in their original state with an undisturbed sample.  
The flume was designed so that the flow direction was tangential to the face of the soil sample, which imposed a 
shearing force on the sample, similar to that observed in natural streams. Additionally, the length of approach to the 
sample for the flow was 2.15 m, which allowed for fully developed, turbulent flow to develop over the sample. The 
flow was also recirculated so that the suspended sediment concentration in the flume increased gradually as erosion 
proceeded. 
Other advantages of the conduit flume used in this study include the following: (1) secondary current was less 
likely to develop in this straight flume comparatively to annular or race-way flumes; and (2) the flow was pressurized 
being in a closed conduit, so the flume can operate over a wide range of shear stresses ranging from 1 to 21 Pa. 
The conduit flume worked by pumping water from a conical tank (Fig. 2) through a 7.62-cm galvanized pipe and 
into a rectangular Plexiglas conduit (305 cm long x 10 cm wide x 5 cm deep). An electric pump (7.5 hp, 3450 rpm) 
was used with a variable-speed control to adjust the flow rate. An electromagnetic flow meter (Seametric EX81) with 
a digital indicator was inserted into the galvanized pipe to measure the flow rate. The flume had an operational flow 
rate ranging from 0.0025 to 0.0117 m3/s, based on the upper and lower limits for a fully developed flow boundary 
layer. These flow rates corresponded to bulk velocities of 0.5 to 2.3 m/s and applied shear stresses of 1 to 21 Pa.  
The Plexiglas conduit was bookended by diffusers to smooth the flow transitions to and from the conduit, further 
limiting the generation of secondary currents. An air release valve was placed upstream of the Plexiglas conduit to 
limit the generation of air bubbles that can disrupt the flow meter readings. A section of the Plexiglas conduit bed that 
was 2.15 m from its upstream end was replaced with a sample box (30 cm long x 10 cm wide x 5 cm deep; Fig. 2b). 
The remainder of the flume bed was covered with fine sandpaper (ε = 0.0002 m) to mimic the surface roughness of 
the soil. 
  
     (a)        (b) 
Fig. 2. (a) A conduit flame used for measuring critical erosional strength; (b) Sample box 
A high frequency camera shoot the side of the soil sample (Fig. 3) to record the decrement of soil surface during 
erosion. The camera resolution was 1024 x 768 pixels. A Fire-i software was used to control the video capturing and 
frame grabbing frequency of the camera (Fig. 3).  
Each experimental run using the conduit flume began by preparing a bank soil sample. The sample was removed 
from the wax - cheese cloth coating and carefully cut to fit the sample box dimensions (Fig. 2b). Every effort was 
made to avoid disturbing the sample face so as to maintain the original surface roughness and microstructure. The 
sample box was then placed in the flume bed so that the soil surface was even with the flume bottom. 
A flume run began by turning the camera on and filling the conduit flume slowly to limit the amount of mobilized 
soil (i.e., the flocculated fluff on the sample surface) during the filling. The air valve was used to eliminate any trapped 
air in the conduit. A low flow was initially applied to the sample and the flow rate was manually recorded each minute. 
The flow rate and corresponding applied shear stress, ߬௪ , was increased every 10 (ten) minutes by adjusting the 
variable speed control. For each soil sample, up to 5 stress levels were tested. 
Following the completion of an experimental run, the flume was thoroughly flushed. The above steps were repeated 
for 18 (eighteen) samples. The values of ߬௪ were determined using the Darcy-Weisbach expression: 
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߬௪ ൌ
ఘ௎మ
଼ ݂ (3) 
where ߩ (kg/m3) is density of water, ܷ  (m/s) is bulk velocity, and ݂  is Darcy-Weisbach friction factor which is 
provided in [11]: 
ଵ
ඥ௙ ൌ െͳǤͺ݈݋݃ ቈ
଺Ǥଽ
ோ௘೏೐೑೑
൅ ൬ ఌଷǤ଻ௗ೐೑೑൰
ଵǤଵଵ
቉  (4) 
herein ߝ (m) is the wall roughness provided by the fine sand paper (0.0002 m in this case); ܴ݁ௗ೐೑೑ is the Reynolds 
number determined by ܴ݁ௗ೐೑೑ ൌ ܷ݀௘௙௙Ȁߥ, with ߥ being kinematic viscosity of water (1.01 x 10-6 m2/s); and ݀௘௙௙  (m) 
is the effective diameter of the rectangular conduit and is equal to (1.029)*݀௛ (White 2008) with ݀௛ (m) being the 
hydraulic diameter of the rectangular conduit (0.0667 m in this case). 
For a corresponding flow rate, the fluvial erosion rate, ܧ, in kg/m2/s, was estimated based on the change of soil 
area in the sequences of binary images (Fig. 4) and the time interval,οݐ, between two successive images. This can be 
expressed as follow: 
 ܧ ൌ ஺ሺ೙ሻି஺ሺ೙షభሻ௅כο௧ ߩ௦ (5) 
where ܣሺ௡ሻ and ܣሺ௡ିଵሻ are area (m2) of white background (Fig. 4) for current and previous images determined using 
Image J software; ݊ is image sequence number (1, 2, 3,...); ߩ௦ is dry density of soil (kg/m3); ܮ is soil length (m); and 
οݐ is interval between two successive images (seconds).  
The critical erosional strength, ߬௖, was determined by fitting a linear regression line to the plot of ܧ vs. ߬௪ (Fig. 5) 
and by extending the line to intercept the shear stress axis [5]. The shear stress value at the intercept corresponded to 
the critical erosional strength, ߬௖, which represents the condition when fluvial erosion commenced.  
4. Results 
4.1. Index properties  
The bank soils, in general, are predominantly silt (61.55 ± 6.23%) with lesser amounts of clay (17.62 ± 5.46%) and 
sand (20.84 ± 7.37%) (Table 1, column 3, 4, and 5). Thus, they are classified as silt loam based on the USDA 
classification system. The plasticity index ࡼࡵ (Table 1, column 7) range from 12 to 19; the prevalent clay type based 
on XRD analysis is illite (Clay Mica) - smectite, with the average surface activity, ࡭ࢉ, values (Table 1, column 9), 
being 0.75. 
 
 
Fig. 3. Imaging technique components were added to conduit 
flume system. A high frequency camera shooted the side of soil 
sample to record soil surface decrement during erosion. 
 
Fig. 4. Sequences of soil image with 't = 2 minutes. The original 
frames were converted to binary images and then analised in Image J 
software.  
Binary ImagesOriginal Frames 
1
3
2
4
White area =  background
Black area   =  soil 
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4.2. Acknowledgements Mechanical strength 
The ܿԢ values for the bank soil samples (Table 1, column 10) show a consistent behavior in terms of strength with 
an increasing trend in magnitude along the downslope per bank profile. The ܿᇱ values recorded herein are in a general 
agreement with the values reported by [12, 13, 14] for sites exhibiting relatively similar properties. For example, 
Lohnes et al. [12] reported ܿԢ values ranging between 6.91 ± 4.19 kPa and 7.65 ± 5.59 kPa respectively for loess with 
high plasticity and glacial till deposits found in Iowa. Yang et al. (2005) reported ܿԢ values in the range of 2.7 to 12 
kPa for glacial till soils with a texture of silt clay loam extracted across six (6) counties in southern Iowa. 
 
4.3. Critical erosional strength 
Fig. 5 is a typical ܧ versus ߬௪ plot. For each of the 18 (eighteen) soil samples, a plot of ܧ versus ߬௪ is developed 
to estimate the erosional strength, ߬௖. A summary of the ߬௖ values for all 18 (eighteen) samples can be found in Table 
2 (columns 3 and 6). The results from the fluvial erosional tests show a consistent trend of ܧ varying nearly linearly 
with ߬௪, which has been also reported in the literature for homogeneous samples [5, 14].  
The results of the conduit flume tests (Table 2, column 3 and 6) reveal an increasing trend in magnitude of ߬௖ moving 
downslope along the bank profiles for all cross-sections. A similar trend has been reported earlier for ܿᇱ described 
earlier. 
Table 1. Index properties and mechanical strength of stream bank soils. 
Sampling Location 
Sand 
% 
Silt % 
Clay 
% 
D50 
(mm) 
PI Ac 
ø' 
(deg.) 
c' (Pa) 
Right bank Toe 30.04 56.89 13.11 0.045 12.73 0.76 21.09 13,500 
 
 
Left bank 
Midbank 15.00 59.90 25.10 0.022 17.36 0.58 27.09 12,500 
Crest 20.00 67.41 12.59 0.028 16.01 0.96 31.30 1,600 
Toe 30.00 53.73 16.27 0.049 13.30 0.68 32.39 15,000 
 
Midbank 15.00 61.22 23.78 0.020 17.89 0.60 34.10 12,500 
Crest 15.00 70.16 14.84 0.027 18.27 0.91 31.44 1,500 
Average  20.84 61.55 17.62 0.03 15.93 0.75 29.57 9,433 
 
 
 
 
 
 
 
Fig. 5. Critical erosional strength determination with various 't. 
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Table 2. Critical erosional strength of stream bank soils. 
Sampling 
location 
Left Bank  
  
Right Bank  
Sample ID τc (Pa) τc avg (Pa) Sample ID τc (Pa) 
τc avg 
(Pa) 
 Crest  
 SA-L-C1  0,68 
1,71  
 SA-R-C1  1,19 
1,44  SA-L-C2  2,49  SA-R-C2  1,59 
 SA-L-C3  1,96  SA-R-C3  1,53 
        
 Midbank  
 SA-L-M1  1,13 
2,12  
 SA-R-M1  1,60 
1,48  SA-L-M2  3,01  SA-R-M2  1,19 
 SA-L-M3  2,22  SA-R-M3  1,65 
        
 Toe  
 SA-L-T1  1,98 
2,51  
 SA-R-T1  2,21 
2,10  SA-L-T2  3,04  SA-R-T2  2,37 
 SA-L-T3  2,50  SA-R-T3  1,72 
 Average    2,11      1,67   
 Standard Dev.   0,79         0,40    
5. Discussions and Conclusions 
This study has offered a unique protocol using a state-of-the-art conduit flume along with imaging technique for 
determining critical erosional strength, ߬௖, of semi-cohesive bank soils as well as the effects of soil heterogeneity on 
these parameters. To the best of our knowledge very few studies have systematically examined bank soil properties 
in such detail along a bank profile leading to unique datasets with the goal of supporting a comprehensive bank stability 
analysis that considers both mass failure and fluvial erosion.  
The mechanical strength, ܿᇱ, were 2 to 3 orders of magnitude larger than critical erosional strength, ߬௖, for crest 
soils and 3 to 4 orders of magnitude for midbank and toe soils (Tables 1 and 2). A similar relation was found to hold 
true for other undisturbed bank soils i.e., 3 to 5 orders of magnitude in the studies of Hilldale [15], Rinaldi et al. [16]. 
This quantitative difference between the two soil strength parameters, which is also supported by previous studies, 
reemphasizes that those two parameters represent soil resistance for different bank failure mechanisms. 
For banks that consist of heterogeneous soils such as those in Clear Creek, there is a variability of mechanical and 
erosional strengths along the downslope of the banks. This can be attributed to the trend in bulk density of stream 
bank soil (Sutarto et al., 2014) which is out of discussion here due to space limitation. The variability of mechanical 
and erosional strengths along the downslope of the banks highlights the need of acquiring both mechanical and 
erosional strengths for the three layers along a bank profile (namely crest, midbank, and toe) to improve the commonly 
adopted protocols that typically assume homogeneous, well compacted soils along a bank profile. 
Acknowledgements 
The author would like to acknowledge the Fulbright Indonesia Presidential Scholarship Program, Prof. 
Papanicolaou Research Team, and IIHR-Hydroscience and Engineering University of Iowa that has provided Paul C. 
and Sarah Jane Benedict Fellowship, Dr. Arthur R. Giaquinta Memorial Fellowship and laboratory fasilities for 
performing this study.  
References 
[1]  Wilson, C.G., Papanicolaou, A.N., and Denn, K.D. (2012). Quantifying and partitioning fine sediment loads in an intensively agricultural 
headwater system. Journal of Soils and Sediments, 12(6), 966-981. 
[2]  Simon, A., and Pollen, N. (2006). A model of streambank stability incorporating hydraulic erosion and the effects of riparian vegetation. 
Proc., 8th Federal Interagency Sedimentation Conference (FISC), Reno, NV, 870-877. 
[3]  Sutarto, T.E., Papanicolaou, A.N., Wilson, C.G., Langendoen, E.J. (2014). A stability analysis of semi-cohesive streambanks with 
CONCEPTS: Coupling field and laboratory investigations to quantify the onset of fluvial erosion and mass failure. Journal of Hydraulic 
Engineering 140 (9). Doi: 10.1061/(ASCE)HY.1943-7900.0000899. 
[4]  ASCE Task Committee on Hydraulics, Bank Mechanics and Modeling of River Width Adjustment. (1998). River width adjustment II: 
Modeling. Journal of Hydraulic Engineering, 124(9), 903-917. 
[5]  Papanicolaou, A.N., Elhakeem, M., and Hilldale, R. (2007). Secondary current effects on cohesive river bank erosion. Water Resources 
Research, 43(12), W12418. 
375 Tommy E. Sutarto /  Procedia Engineering  125 ( 2015 )  368 – 375 
[6]  Sutarto, T.E., Papanicolaou, A.N. T. (2012). Meansuring critical erosion of cohesive sterngth of cohesive bank soils in a natural channel 
affected by secondary currents. 3rd International Symposium on Shallow Flows, University of Iowa, Iowa City, IA, USA. 
[7]  Fredlund, D.G., and Rahardjo, H. (1993). Soil mechanics for unsaturated soils, John Wiley and Sons, Hoboken, NJ, 517. 
[8]  Kandiah, A. (1974). Fundamental aspects of surface erosion of cohesive soils. Ph.D. dissertation, University of California, Davis, CA. 
[9]  Millar, R.G., and Quick, M.C. (1998). Stable width and depth of gravel-bed rivers with cohesive banks. Journal of Hydraulic Engineering. 
124(10), 1005-1013. 
[10]  Aberle, J., Nikora, V., McLean, S., Doscher C., McEwan, I., Green, M., Goring, D., and Walsh, J. (2003). Straight benthic flow-through 
flume for in situ measurement of cohesive sediment dynamics. Journal of Hydraulic Engineering, 129(1), 63-67. 
[11]  Haaland, S.E. 1983. “Simple and explicit formulas for the friction factor in turbulent pipe flow.” Journal of Fluids Engineering 105:89-90. 
[12]  Lohnes, R.A., Kjartanson, B.H. and Barnes A. (2001). Regional Approach to Landslide Interpretation and Repair. Final Report TR 43, Iowa 
Department of Transportation (DOT), Iowa, IA. 
[13]  Yang, H., White, D.J., and Schaefer, V.R. 2005. Innovative Solutions for Slope Stability Reinforcement and Characterization: Vol.II. Report 
No. TR-489, Iowa Highway Research Board (IHRB), Iowa, USA.  
[14]  Veeraraghavan, P. (2007). Analysis of soil erosion based on soil properties. M.S. thesis, University of Missouri, Rolla, MO. 
[15]  Hilldale, R.C. (2001). Fluvial erosion of cohesive banks considering turbulence and secondary flow. M.S. thesis, Washington State 
University, Pullman, WA. 
[16]  Rinaldi M., Casagli, N., Dapporto, S., and Gargini A. (2004). Monitoring and modeling of pore water pressure changes and riverbank stability 
during flow events. Earth Surface Processes and Landforms, 29(2), 237-254. 
